We describe here a modification of Sokoloff's deoxyglucose method which requires fewer blood sam ples but does not diminish accuracy. To calculate the local cerebral metabolism for glucose (LCMRglu), the input function containing the initial peak must be known. This requires many blood samples for accurate definition. To estimate the influence of the peak on the LCMRglu, a dummy input function was generated by extrapolating the data points after 2 min back to 0 min. Next, a biexpo nential curve, fitted to a reduced number of samples, was applied for the input function. The error introduced into the LCMRglu by using these different approximations was analyzed with an error function derived from an op erational equation. The results indicate that the error of LCMRglu caused by neglecting the peak is <3%. Fur thermore, the error of LCMRglu resulting from use of the Dr. Kato is a visiting scientist from the Abbreviations used: LCMRglu, Local cerebral metabolic rate for glucose; PET, positron emission tomography.
In a normal physiological state the brain uses glu cose as an energy source. It will accept an alter native source of energy only in very special circum stances. The measurement of the local cerebral metabolic rate for glucose (LCMRglu) is therefore important in understanding metabolic mechanisms in normal and diseased brain. Sokoloff et al. (1977) developed a method for in vivo measurement of LCMRglu in animals using 1 4 C -2-deoxY-D-glucose. This was adapted for measurement in humans with the aid of positron emission tomography (P ET) using 1 8 F-2-fluoro-2-deoxy-o-glucose (Reivich et al., 1977) or 1IC-2-deoxY-D-glucose (Reivich et aI., 1982) . The method as originally developed re-biexponential approximation is a function of LCMRglu: the error decreases as the LCMRglu increases and re mains at <3% even when only seven data points are used (half the usual number of the standard method). Finally, the LCMRglu was calculated by the biexponential curve fitting, using the experimental data, and compared with that calculated by Sokoloff's computer program. Both methods were in good agreement. This modified method offers great advantage for simultaneous measurement of CMRglu, CBF, and other physiological parameters by means of the mUltiple tracer autoradiographic technique in the small laboratory animal. Key Words: Autoradiog raphy-Biexponential analysis-Cerebral glucose utili zation-Deoxyglucose-In put function-Multiple tracer autoradiography. quires the time course of arterial concentration of tracer and glucose, the tissue concentration at kill time in animal experiments or PET scanning in hu mans, and rate and lumped constants for deoxyglu cose. The time course of arterial tracer concentra tion, called an input function [C�(t)], is usually de termined as a discrete data point by plasma sampling. However, when calculating integrals of the operational equation it is assumed that the con centration curve is continuous. Several methods can be used to evaluate these integrals, and data points are connected with some type of curve (e.g., a line in a trapezoidal method). To minimize the error from such interpolation, a relatively large number of data samples must be taken to ensure accuracy of the curve, especially around the peak following bolus injection of the tracer. However, with frequent sampling the blood loss becomes sub stantial, especially for a small animal like the rat.
In this article we describe our modified method, which requires fewer blood samples but does not sacrifice accuracy. We shall show that the peak con-tribution to the integrals is not important in the LCMRglu measurements, and that input function can be approximated with a multiexponential curve. The latter approximation allows us to solve the in tegrals mentioned earlier analytically. Fitting an an alytical function to the experimental data also re duces the contribution of uncertainty, inherent in the plasma data, to the final LCMRglu results.
THEORY
The operational equation based on Sokoloff's three-compartment model for calculating LCMRglu can be expressed as follows:
(3)
where C p is the mean plasma glucose concentra tion; C�(t) is the plasma deoxyglucose concentra tion as a function of time; kj, k�, k! are the rate constants for deoxyglucose; CrT) is the cerebral tissue concentration of deoxyglucose at a single time (T); and LC is the lumped constant.
The error in LCMRglu (IlR) arises from an un certainty in the plasma tracer concentration (C�'(t», is introduced through integral A and B, and can be expressed as C� '(t) = C�(t) + IlC�(t) (5) and
Since R is a function of A and B (Eq. 1), the error in R can be approximated as the sum of the prod ucts of errors in A and B (M and M):
After derivatives are done and the equation rear ranged, the resulting fractional error in the calcu lated LCMRglu is
J Cereb Blood Flow Me t abol, Vol, 4, No, 1, 1984 This function, therefore, is the general expression for the error in LCMRglu that arises from the use of an incorrect plasma curve. The experimental data, which inevitably contain a measuring error, can be analyzed by applying Eq. 9. An error introduced by neglecting the peak in C�(t) may also be analyzed by the same method. This is done by taking C� '(t) from time t = 2 to t = T min to be identical to the experimental data. From t = 2 back to t = 0 min where C� (t) contains the peak, C� '(t) is taken to be an analytical extrap olation of C �(t) as derived from data between t = 2 to t = T min (Fig. l) . The error reintroduced by neglecting the peak is estimated by comparing C� '(t), generated by this approximation, with that obtained from experimental data. It can be seen from Eq. 9 that M is not only a function of M and M but also of C(T). The error for each LCMRglu value can then be calculated.
If C�(t) is expressed as a mUltiexponential com bination: n q(t) = 2: ake -l3k t k=l + a 2 e-13 2t + ... + a n e-13n t 
Normal adult male Sprague-Dawley rats, weighing 300-350 g, were used for the 14C-deoxyglucose autora diogram following the standard method of Sokoloff et al. (1977) . The blood samples were taken every 15-30 s for the first minute and then at progressively increasing in tervals. The total sample number during time 0-45 min was 15 to 18.
The plasma tracer time-course data set from each an imal experiment was fitted with a triple-exponential curve (Eq. 10, n = 3) from t = 1 to t = 45 min by means of the iterative nonlinear least-squares method (Cumming, 1962) . The curve without peak [C�'(t)] and the curve with peak [C�(t)] were generated by the method described above in the theory section. C�(t) is a hybrid function, composed of straight lines connecting experiment data points from t = 0 to t = 1 min, and a triple-exponential curve from t = 1 to t = 45 min. Since the C�(t) fit the experiment data well, we assumed it to be the "correct" curve. min, the effect of neglecting the peak on integral A is a min imum (curves 3 and 4), and on integral B the effect is a 2.2% red uction (curves 1 and 2).
The error contribution to the integrals and to the LCMRglu resulting from use of an incorrect curve was estimated using Eqs. 6, 7, and 9, respectively. Next we tried to fit a biexponential curve, as a simpler form of mUltiple exponential fitting, to the experimental data to examine the influence of the number of data points on the final results. The number of plasma samples was reduced to those taken at t = 2. 5, 5, 7. 5, 10, 25, 35, and 45 min after injection of the tracer. It was possible to get a good fit to the experimental data, except at the peak area. The error contribution was calculated as described above, and LCMRglu values obtained using this biexpo nential curve were compared to those calculated by a program kindly supplied to us by Dr. Louis Sokoloff. The following parameters were assigned for simulation: kj = 0. 189, k'5. = 0.245, kt = 0. 052 (min-l), LC = 0.481. For data analysis, digital computers (MZ-80B Sharp, PDP-II Digital Equipment) were used. Figure 1 is a representative graph showing the difference in integrals A and B using the plasma tracer curve with the peak and without the peak. The dotted lines show the time course of integrals A and B (curves 3 and 1, respectively) calculated using the experimental plasma tracer curve, in cluding the peak. The dashed lines show the same calculation when the peak is neglected and the plasma tracer curve is extrapolated from t = 0 to t = 1 min (thick solid line). Comparing the values of integrals A and B at T = 45 min, we observed that the peak did not have any influence on the value of integral A. The value of integral B became 2.2% lower when the peak was neglected.
RESULTS

Influence of the peak
To show that this is not an isolated case, we give values of the integrals in five cases (Table 1 ). The peak in the plasma tracer curve clearly affects only integral B. The fractional errors introduced into the final results by Eq. 9 were -1.8 to -2. 3% (mean, -2.1%) when the peak was neglected. They are independent of C(T), because with M 0, Eq. 9 becomes
'bR MJI(B -A)
Use of a biexponential curve for the input function
(13) Figure 2 shows the fractional error in LCMRglu resulting from use of a biexponential curve as an input function, and as a function of LCMRglu for case no. 1 from Ta ble 2. From analyses of the curve it may be shown that the relative error is rather large when LCMRglu is <30 j-lmolllOO g/min. How ever, the absolute error (M) is < 1 j-lmolllOO g/min. For LCMRglu between 40 and 180 j-lmolllOO g/min, the fractional error is <3%, while the absolute error (M) is increasing. As can be seen from Ta ble 2, these results are valid for all other cases. The frac- 
DISCUSSION
We have described here our analysis of the error introduced into the final LCMRglu results by use of different approximations for input function.
The deoxyglucose method (Sokoloff et al., 1977) is used in many laboratories. There is a notion that samples must be taken every 15-30 s during the first 2 min after a bolus injection of the tracer. Our results clearly indicate it is not necessary to know the position or height of the peak of the input func tion; in other words, blood sampling could start 2 min after a bolus injection of tracer. The difference in LCMRglu values calculated by Sokoloff's stan dard method and by biexponential approximation for input function is within 3%. This constitutes ex cellent agreement, since the standard deviation for the experimental results reported by Sokoloff et al. (1977) ranged between 5 and 10%. Neglecting the peak in the plasma tracer curve changes the shape of the input function. This in turn influences the value of integral B (Eq. 9). As for the integral A, the weight in the input function at the peak (e -KT ) is so small that it has minimal influence on the final value of the integral A. Animal data analyzed in this study showed great similarity in shape of the input function. We obtained constant overestimation in each case by neglecting the peak (+2.04 ± 0.21%, SD). This overestimation, using the modified method, might become statistically significant if many animals (more than 50) are used.
With regard to minimizing the effect of the initial peak, it would be interesting to use the prolonged infusion schedule instead of bolus injection. We have performed the same analysis using both con stant infusion and programmed infusion. Our pre liminary results showed that a 1min constant infusion greatly decreased the height of the peak as well as the time-tracer activity un certainty in the first few minutes, and did not change the final result. However, too much pro longed infusion will give a higher tracer activity in the precursor pool at the end of the experiment and introduce error into the calculated CMRglu, as mentioned in the original method (Sokoloff et al., 1977) .
There is no particular reason for choosing the biexponential curve as the smoothing approxima tion for an experimental plasma tracer curve. The sum of exponentials has one advantage over other functions: integrals A and B can be calculated in a closed form. This yields an analytical expression for LCMRglu as a function of metabolic constants (kj, k�, k!, and LC), and a combination of parameters of exponential terms (Eqs. 1, 11, and 12). Huang et al. (1980 Huang et al. ( , 1981 have suggested a sum of four exponentials as an input function in human studies. Human studies, however, differ from an imal experiments. In an animal study, the experi mental time is only 45 min; in humans it is much longer. Consequently, it becomes difficult to fit the data well to a biexponential curve. We tried to fit animal experimental data between t = 1 and t = 45 min to a four-exponential curve. This did not improve the fit, and often it was not possible to get convergence during a nonlinear least-squares fit.
As mentioned earlier, it is possible to use some other function as an approximation of plasma data, such as: C�(t) = exp (Ao + Alt + ... + Antn) (14) By using this function we were also able to get a good fit to the experimental data. However, there was no significant improvement in the calculated LCMRglu value. When this function is used, the integrals cannot be calculated in a closed form. Therefore, we preferred to use a biexponential ap proximation.
In this study we have shown that there is no need for frequent blood sampling during the first 2 min after injection of the tracer because the influence of the peak on the values of integrals A and B is neg lible. The number of blood samples can be reduced when biexponential approximation is used as an input function; this approximation requires only half as many data points as are needed for numer ical integration. This is of special interest when mul tiple tracer autoradiography (Blasberg et al., 1980; Lear et a!., 1981; Mies et a!., 1981; Hossmann et a!., 1983; Kato et al., 1983; is used in a small animal like the rat. For our deoxyglucose study, which is based on the original method, we collected 1.1-1.3 ml of blood from each rat. In a double-or triple-tracer auto radiographic technique, the total blood loss would more than double. Rat blood volume per kilogram body weight is esti mated to be 54.3 mllkg (Ditter and Grebe, 1959) . Rats used in this study therefore have a total blood volume of 16-19 m!. To avoid physiological change during the experiment, it might be advisable to limit total blood loss to <10%. Investigation of blood sampling methods to reduce blood loss even further without sacrificing the accuracy of the final result is therefore needed, particularly for the double-or triple-tracer autoradiographic method.
